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Abstract: A dielectric multilayer platform has been investigated as a foundation for two-
dimensional optics. In this paper, we present, to the best of our knowledge, the first experimental 
demonstration of absorption of Bloch surface waves in the presence of graphene layers. Graphene 
layers have been grown previously via CVD on Cu foils and transferred layer by layer by PMMA-
wet transfer method. We exploit total internal reflection configuration and multi-heterodyne 
scanning near-field optical microscopy as a far-field coupling method and near-field 
characterization tool, respectively. The absorption is quantified in terms of propagation lengths of 
Bloch surface waves. A significant drop (about 17 times shorter) in the propagation length of 
surface waves is observed in the presence of single layer of graphene. 
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1. Introduction 
A dielectric multilayer platform, sustaining electromagnetic surface waves, has been studied 
extensively for sensing application [1, 2]. The electromagnetic surface waves propagating at the 
interface between dielectric multilayer stack and external medium are called Bloch Surface Waves 
(BSWs) [3, 4]. The modes propagating on the multilayer interface decays exponentially inside the 
multilayers due to presence of photonics band gap. At the same time modes are not allowed to 
propagate in the external medium, which is air in this study, because of total internal reflection. This 
salient propagation mechanism keeps the modes bounded close to the multilayer surface. The 
optical field confinement in the vertical direction (perpendicular to the multilayer interface) opens 
the ways to study this platform for as a foundation for two-dimensional (2D) optics. The absorption 
in the material, surface scattering, and leakage into the multilayer because of prism coupling [5, 6] 
are the main sources of the decay of the surface mode amplitude along the propagation direction. 
However, in the present system, material absorption and surface scattering do not have a significant 
contribution to the losses. This is because of low absorption of dielectric materials and the low 
roughness of the multilayer surface [7].  Therefore, the BSWs are mainly decaying into the 
multilayers due to light leakage in the prism coupling system [8, 9, 10]. The decay coefficient 
decreases exponentially with the number of periods of multilayer stack [3]. The present design of 
multilayer is optimized to achieve longer propagation lengths [8]. The BSW platform provides the 
possibility of ample choice of constituent material, in comparison to surface plasmon polaritons 
(SPPs), unless material is transparent at the operating wavelengths. In addition, the maximum field 
amplitude can be tuned at the surface by tailoring the thickness of the topmost layer. This ability to 
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tune local field confinement is attractive for sensing applications [11, 12]. One of the prominent 
advantages of platform concept is standard wafer-scale production for the fabrication of thin film 
multilayers.  
Aforementioned advantages and features make the BSW platform an interesting candidate for 
the development of 2D optical systems. To this aim, several 2D optical components based on BSWs 
have been studied theoretically and experimentally. They include ridge waveguides, lenses, disk 
resonators, BSWs reflectors, Bessel-like beams, subwavelength focusers, phase-shifted Bragg 
gratings, and grating couplers [13, 6, 14-30]. Further, the tunable planar optical components on BSW 
platform have been demonstrated [31, 32]. However, the absorption of propagating BSWs on the 
top of multilayer platform has not been studied yet.  
In this paper, the absorption of BSWs, using graphene layers, has been demonstrated 
experimentally. We use graphene layer as a device layer on the top of multilayer platform. The 
electro optic properties of graphene can be exploited to design active 2D optical components on 
BSW platform. The existence of BSWs on graphene based multilayer platform has been proven [33]. 
We study the propagation properties of single and bilayer of graphene. The thicknesses of single 
and bilayer of graphene are about 0.3 nm and 0.6 nm, respectively. The deposition of graphene 
layers on BSW platform is presented in ‘Materials and Methods’ section. 
Graphene is a two-dimensional single layer of carbon atoms forming a hexagonal lattice. 
Graphene exhibits exceptional electrical and optical properties. Because of being a zero-band gap 
semiconductor, the electronic properties of graphene have drawn much attention in research. The 
high-speed electronics devices have been already proposed, thanks to ultrafast response of the 
graphene [34]. Apart from the electronics properties of Graphene, optical properties show equal 
interest because of strong interaction of graphene with light for broad band of wavelengths. The 
optical conductivity of graphene (from visible to infrared wavelengths) leads to absorption of 2.3% 
of light in case of monolayer [33]. These optical properties made graphene attractive for photonics 
and optoelectronics devices such as photovoltaic devices, optical modulator and photodetectors, etc 
[35]. One other great advantage of graphene is its electro optic effect where the optical properties of 
graphene can be changes either by electron doping or nonlinear effect [36]. With the advantage of 
tunable optical absorption and ultrafast response, Graphene has proven a promising candidate for 
on-chip integrated silicon photonics. For example, Graphene-based photodetector integrated on Si 
waveguide have been studied by S. Schuler et al [35]. 
2. Materials and Methods  
The dielectric multilayer platform presented in this study made up of six periods of alternating 
high index and low index layers. The low index and high index material layers are silicon dioxide 
(SiO2) and silicon nitride (SiNx) with respective a refractive index of 1.45 and 1.79 around 
wavelength, λ = 1550 nm. The thicknesses of the SiNx and SiO2 layers are 283 nm and 472 nm, 
respectively. To terminate the precocity of multilayers, 50 nm thick top layer of SiNx is deposited on 
the top. The top layer is addressed as a defect layer. The complete stack (periodic multilayers + 
defect layer) is called bare multilayer (BML) platform. The BML structure is deposited on glass wafer 
as shown in Fig. 1. In the present study multilayers are designed to support transverse electric (TE) 
polarization of incident light at telecommunication wavelengths. The multilayer platform is 
fabricated using Plasma-Enhanced Chemical Vapor Deposition (PECVD, PlasmaLab 80+ by Oxford 
Instruments) technique. 
 
For graphene deposition, we have initially grown graphene on Cu foils of 25 µm thickness 
(Sigma Aldrich) using CVD (Black Magic 4-inch, AIXTRON) under the following conditions: CH4:H2 
(1:4), 25 mbar and 10 minutes. Prior to graphene growth, Cu foil was first cleaned by rinsing in 
organic solvents and DI water (acetone: isopropyl alcohol: H2O, 2 minutes each), and finally in 0.1M 
aqueous acetic acid (CH3COOH) for 2 minutes to remove oxides from the Cu surface. Then, Cu foil 
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is placed inside the CVD chamber and heated at 50°C min−1 from room temperature to 1000°C under 
an Ar/H2 flow.  
After growth, graphene on Cu foil is spin-coated with PMMA. After drying it in air for 30 
minutes, the whole structure is located floating on a Cu etchant solution (0.05 g/ml, ammonium 
persulfate) for 4 hours. To avoid etchant residues, PMMA/graphene is rinsed three times in 
deionized water and located on the dielectric multilayer platform. After drying it with N2 and 
overnight in vacuum, PMMA is removed by samples immersion in acetone and isopropyl alcohol 
(15 minutes at each solvent). For building bilayer graphene structures on top of the dielectric 
multilayer, the PMMA transfer has been repeated twice [37]. 
To couple incident light into surface waves, we use a total internal reflection (TIR) 
configuration. The TIR configuration is made up of BK7-glass prism (nBK7 = 1.501), schematic of 
which is presented in Fig. 1. The glass prism is required to fulfill the phase matching condition to 
excite BSWs. The details can be found elsewhere [10]. We illuminate the sample with a focused 
Gaussian beam to couple light to the BSW. At an incident angle ‘θ’ which is higher than the critical 
angle, the incident light is coupled to BSW at a specific wavelength. The phenomenon of BSW 
coupling can be seen as a reflection dip of the angular reflectance plot in the far-field (FF). We use 
CCD IR camera to collect the reflected light in the far-field on the other side of prism, see Fig. 1. 
 
 
 
 
Figure 1. Illustration of setup of the TIR configuration for BSW coupling with dielectric multilayers 
deposited on a glass wafer. The SNOM probe collects the evanescent field on top of the 2D 
structures. On the other side of prism, there is a CCD camera to collect the light reflected in the far-
field.  
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Figure 2. M-line pattern observed in far-field image of the reflected light captured in CCD camera 
in TIR coupling configuration for (a) Bare multilayer; (b) Graphene layer 
For BML, the BSWs can be coupled at an incident angle θ =50.15 deg., at the corresponding 
wavelength λ = 1558 nm. The specific fringe pattern can be observed in far-field, see Fig. 2(a). The 
fringes are produced because of interaction of m-lines and the focused spot produced by total 
internally reflected incident light in a prism coupling arrangement [38].  
In case of BML+ graphene layer, the optimum condition of BSWs coupling is found at the same 
angle of incidence as BML. The nanometric thicknesses (< 1 nm) of the graphene layer could be the 
reason behind the same coupling angle. However, for graphene layer only broad dark band can be 
observed, as shown in Fig. 2(b). The dark band represents the significant absorption of propagating 
BSWs in the presence of graphene layer. The fact is further demonstrated by near-field experiments. 
The details are provided in ‘Results and Discussion’ section.  
To perform the near-field experiments, we work with multi-heterodyne scanning near-field 
optical microscope (MH-SNOM) in collection mode which collects the evanescent electric field with 
a subwavelength aperture fiber probe. Because BSWs propagates at the interface of multilayer, near-
field microscopy is an optimum tool to perform the spatial field distribution mapping locally. 
Further details about MH-SNOM can be found in [10]. 
 
3. Results and Discussion 
The light is coupled evanescently into graphene layer using TIR configuration. Further, with 
the aid of MH-SNOM, propagation lengths of BSWs (LBSW) for BML, graphene single layer and 
graphene bilayer are measured in near-field, as shown in Fig. 3. The propagation lengths are 
deduced by exponentially fitting the decrease of the field amplitude of the surface wave along the 
propagation direction [10]. The measured LBSW for BML, single and bilayer of graphene are 
approximately 1300 µm [8], 75 µm and 55 µm, respectively. From the measurement results we 
observe that propagation length in graphene layers (75/55 µm) are reduced drastically, roughly 
17/23 times lower than bare multilayer (1.35 millimeters). This is due to strong absorption due to the 
presence of graphene layers.  
For the comparison of absorption of propagating field, we show here the propagation of BSW 
without graphene layer/bare multilayer (Fig. 3(a)), with single layer of graphene (Fig. 3(b)) and with 
double layer of graphene (Fig. 3(c)). 
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We define propagation length as a distance where amplitude of the propagating field drops 
down to the 1/e value. It can be inferred that about 63 % of the incident light is absorbed in the span 
of its propagation length. We observe here that, in case of single layer of graphene 63 % of the light 
is absorbed in 75 µm distance in propagation direction, however bilayer of graphene depicts the 
absorption lengths of 55 µm. 
 
 
             
 
Figure 3. Near-field amplitude distribution acquired by MH-SNOM demonstrating BSW 
propagation for (a) Bare multilayer; (b) Single layer of graphene; (c) Bilayer of graphene 
The grating coupler assisted GaInAsSb photodiode integrated on silicon waveguide has been 
studied somewhere else [39]. The reported responsivity of 50 µm long photodiode is 0.4A/W. From 
the reported results, it can be inferred that 22.5% of the incident light is absorbed (assuming 100% 
carrier collection efficiency). The poor coupling efficiency of the grating coupler is stated as the main 
reason behind the low responsivity.  
However, in the present study where graphene layer is deposited on the top of BSW platform 
shows better absorption characteristic than GaInAsSb based integrated photodiodes. The 
nanometric thickness of graphene layer provides the optimum coupling of surface waves at the 
same coupling conditions as BML. In addition, the deposition of graphene layer on multilayer 
platform using standard Chemical Vapor Deposition technique provides ease of fabrication in 
comparison to typical Si photonics integration processes.  
 
4. Conclusions 
To conclude, for the first time, to the best of our knowledge, the absorption of BSWs, using 
graphene layers, has been demonstrated experimentally in near-field. The absorption of surface 
waves in the presence of graphene layers is evident from the MH-SNOM near-field measurement 
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results. The propagation lengths of BSWs for BML and BML+ graphene layers have been compared. 
The results show that propagation length in presence of single graphene layer is decreased 
significantly (about 17 times shorter) than the bare multilayer. This is due to strong absorption in 
the presence of graphene layer. Our results present that the absorption does not increase 
proportionally when thickness of the graphene layer folds twice. Further investigations are required 
to understand the absorption properties of graphene, when light is when light is evanescently 
coupled to it, in depth. The presented absorption characteristics of graphene, make it a good 
candidate for BSWs based 2D photodetectors. This study provides an advancement in the direction 
of the development of BSWs based 2D integrated optical components. 
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